Abstract: This paper describes the radiation response and I-V characteristics of the stacked p-MNOS based RADFETs measured at different dose rates and irradiation temperatures. It is shown that the enhanced charge trapping takes place at the interface of the thick gate dielectrics in the MNOS transistors at low dose rates (ELDRS). The sensitivity of the radiation effect to irradiation temperature has also experimentally revealed. We associate both effects with the temperature and dose rate dependence of the effective charge yield in the thick oxides described within the framework of the previously proposed model. We have also simulated the I-V characteristics of the transistors for different total doses and irradiation conditions. It has been found the used electric and radiation models qualitatively and semi-quantitatively describe the observed dependencies of the RADFETs' sensitivity on dose rates and irradiation temperatures for the devices with different thickness of insulators.
Introduction
The field-effect-transistor-based dosimeters in which the threshold voltage shift is a quantitative indicator of the absorbed dose are now widely used due to their simplicity, low cost, low power consumption, and compatibility with the CMOS technology [1] . The devices used in dosimetry are typically the p-channel MOS or p-MNOS (MetalNitride -Oxide -Semiconductor) [2, 3] transistors (RADFETs). The design of the RADFETs encounters with the challenges in ensuring of stability and reproducibility of their radiation and electrical characteristics at different radiation and environmental conditions. Particularly, the I-V characteristics of the MOSFETs are temperature-dependent which makes it difficult to use the RADFETs in a wide range of ambient temperatures. Besides, one of the significant challenges is that the RADFET based dosimeters may be dose rate sensitive. To enhance the sensitivity of the RADFETs, they are usually made with rather thick gate dielectrics (typically > 100 nm). This could lead to the occurrence of the enhanced low dose rate sensitivity (ELDRS), which hinders the calibration of dosimeters at moderate high dose rates. To the best of our knowledge, this effect in the MOSFET based dosimeters was observed for the first time in [4] , and it has not been yet properly investigated experimentally and theoretically (see, also [5, 6] ). The ELDRS is also temperature-dependent effect which alters the temperature response of the MOSFET's electric characteristics. Generally speaking, the development of the RADFET dosimeters requires a combined investiga-2 tion of their electrical and radiation characteristics under different conditions. This work aims to investigate and simulate the radiation response of the stacked MNOS based p-RADFETS at different dose rates and irradiation temperatures.
Experiments and modeling

Experimental conditions
We investigated two types of the stacked MNOS-based devices (at least 4 samples for each type). The thickness of the Si 3 N 4 layer in both MNOS devices was 150 nm, whereas the thicknesses of the SiO 2 layers were 150 nm in the "thin" devices and 500 nm in the "thick" devices (see Fig. 1 ). The channel width-to-length ratio W/L for the "thick"
device was approximately three times more than for the "thin" device. The MNOS devices were irradiated with different dose rates from 0.01 Gy/s to 1 Gy/s using a Co-60 source. Irradiation and measurements were performed at different temperatures (-40°C, +25°C, and +60°C). The experimental dose error did not exceed 20%. The measurement circuit is shown in Fig. 2 . The threshold voltage shift during irradiation was tracked at a fixed output drain current. The reference drain current
and the gate biases were approximately chosen at the "Zero Temperature Coefficient (ZTC) point" [7] . All measurements were performed with a drain bias
The backward substrate bias V sub = +2.0 V was applied to expand the dynamic range of the measurements. The operation gate voltage range was from 0 to -12 Volts. The "thick" and the "thin" MNOS transistors have different ZTC points, and therefore different reference drain cur-
(145 μA for the "thick" and 55 μA for the "thin" samples).
Modeling of p-MNOS based RADFETs
The radiation-induced charge per unit area ot Q  , trapped at the Si 3 N 4 -SiO 2 interface, can be estimated as follows [8] . The threshold (reference) voltage shift due to the charge trapping at the Si 3 N 4 -SiO 2 interface can be described as follows
where N t is the Si 3 N 4 layer thickness, and 0 N   is the silicon nitride dielectric permittivity ( N   7.5). Then, the sensitivity of an MNOS RADFET can be naturally defined as
The parameters ot F and eff  were used to fit the sensitivity S for relatively low-dose-rate irradiation (~10 -2 Gy/s) at room temperature followed by a fitting with eff  for other dose rates and temperatures. We will show below that the effective charge yield eff  , simulated with the model, described in the Appendix, allows a consistent description for different dose rates (ELDRS) and irradiation temperatures. 
Calibration tests of the dosimeters
The calibration tests were performed at the different dose rates and irradiation temperatures. Some results of the calibration measurements are shown in Fig. 3 . All the curves exhibit approximately linear (more precisely, slightly sublinear) dose behavior without noticeable saturation in the working range of doses determined by the operation range of the output threshold voltage. Presented results show a pronounced enhancement of the charge trapping sensitivity at the low dose rates (ELDRS) [9] . We attributed such behavior to the dependence of the charge yield on dose rate. The physical model of this effect has been developed and validated in a series of the works [10, 11, 12, 13] . A synopsis of this model is presented in the Appendix.
(a) (b) Table A1 of the Appendix.
Electric characterization before irradiation
The I-V characteristics for all samples 0°C, +50°C). The electric characterization Figure 4 shows a comparison between experimental and simulated results.
(a) 
) and simulated (lines) I-V results at different temperatures for the "thick" (a) and "thin" devices fitted in the characterization were used further for the simulation of dose dependencies.
unirradiated transistors are listed in Table I . 
temperature dependence of the chanphonon scattering and can be simulated as (5) where 0  is the mobility at the reference temperature.
were assumed to be dose-independent and
Simulation of I-V characteristics at
The I-V curves measured for different elevated and low temperatures are shown with the model parameters, presented in Table   ( Table A1 .
) and simulated (lines) I-V curves in the "thick" devices (tox = 500 nm) for the temperatures, P = 1.9×10 -2 Gy /s. The ZTC current is marked by the dashed line large gate overdrive biases was approximately dose-independent.
weak inversion and in the subthreshold regimes is due to the radiation effective charge yield eff  were found for each experimental I-V curve. shows the experimental and the simulated charge yield in the "thin" devices irradiated at T=+60°C devices. Fig. 8 shows ted with a dose rate ~ 2×10 -2 Gy/s at difion with a dose rate 1.9×10 -2 Gy/s at differcharge yield in the "thin" devices irradiated at T=+60°C thick oxides e sensitivity is often associated only with bipolar devices. We have been assuming ] that the ELDRS is a general property of the thick amorphous insulators with low internal electric field supposed that the ELDRS effects may also occur in the thick isolation oxides of the MOS devices.
hole recombination at relatively high dose rates may result in reducing have been assuming in [10, ] that the ELDRS is a general property of the thick amorphous insulators with low internal electric field. We also n the thick isolation oxides of the MOS devices. In particular, the high dose rates may result in reducing of the effec-9 tive charge yield in the thick oxides. It was found, that the effective charge yield eff  , limited by recombination between the mobile electrons and the holes, localized at shallow bulk traps, can be described as a follows
where p  is the hole mobility in the SiO 2 , T is the irradiation temperature, k B is the Boltzmann constant. The highfield part of the charge yield dependence   ox E  is normally interpolated by a monotonically increasing function of the internal electric field E ox [18, 19]     ox 0 ox 0 0 ox 0 All parameters of the model used for simulations are presented in Table A1 . In fact, only E ox and F ot were varied as fitting parameters in Table A1 . The basic physical parameter that determines the temperature dependence of the charge yield experimentally found in [11] ( p   0.39 eV) has been successfully used to describe radiation-induced degradation in different devices [10] [11] [12] [13] 20] . 
